Prados-Estévez, Francisco M.; Peters, Erin E.; Chakraborty, A.; Mynk, M. G.; Bandyopadhyay, D.; Boukharouba, N.; Choudry, S. N.; Crider, Benjamin P.; Garrett, P. E.; Hicks, S. F.; Kumar, A.; Excited states in 106 Pd were studied with the (n,n γ ) reaction, and comprehensive information for excitations with spin 6h was obtained. The data include level lifetimes in the femtosecond regime, spins and parities, transition multipolarities, and multipole mixing ratios, which allow the determination of reduced transition probabilities. The E2 decay strength to the low-lying states is mapped up to ≈2.4 MeV in excitation energy. The structures associated with quadrupole collectivity are elucidated and organized into bands.
I. INTRODUCTION
The structural interpretation of nuclei between spherical (closed-shell) and deformed (open-shell) regions, often called "transitional," has been strongly influenced by the Bohr model [1] , i.e., a "liquid-drop" model with quantized shape degrees of freedom. Thus, nuclei near closed shells are viewed as spherical, exhibiting harmonic quadrupole, octupole, etc. shape vibrations, and nuclei away from shell closures are interpreted as having static deformed quadrupole, etc. shapes with rotational and vibrational degrees of freedom.
For many years, the 48 Cd isotopes were regarded as "textbook" cases of harmonic quadrupole vibrational behavior, based on patterns of excitation energies and γ -ray decay branching ratios. However, in a systematic study of stable evenmass Cd isotopes, it was concluded that some of these nuclei are poorly described by collective vibrational models [2] [3] [4] . This view arose following measurements of the detailed properties of excited states [5] [6] [7] , including lifetimes, and left open the question of whether the neighboring 46 Pd isotopes may exhibit near-harmonic quadrupole vibrational behavior as excitation energy patterns suggest.
In a Coulomb excitation study of 106, 108 Pd, Svensson and co-workers [8] concluded that vibrational degrees of freedom are important for the description of the low-spin level structure of these nuclei but that not all of the observed decay properties can be understood without invoking rotational motion and triaxiality. In g-factor measurements of the 2 states of 106 Pd, Gürdal et al. [9] examined the vibrational character of this nucleus and concluded that the excitation energies and g factors are consistent with the simple vibrational model, but the nonzero static quadrupole moment of the first excited state cannot be explained. The recent report of E0 transitions in 106 Pd with large ρ 2 (E0) values provides evidence for shape coexistence and rotational bands are clearly evident [10] .
In the present work, we carried out a detailed characterization of levels in 106 Pd with the (n,n γ ) reaction to assess the conflicting pictures of the structure of nuclei in this mass region. These data provide a comprehensive view of the positive-parity structure up to ≈2. 4 MeV for spins J 6, as provided by E2 transition strengths via lifetime measurements from Doppler shifts following inelastic neutron scattering. When combined with results from multistep Coulomb excitation [8, 11] , these data, i.e., spins, transition multipolarities, multipole mixing ratios, and decay branching ratios, provide a detailed view of the quadrupole collectivity of the low-spin states.
II. EXPERIMENTS
The present study of the low-lying structure of 106 Pd was performed via γ -ray spectroscopy following inelastic neutron scattering (INS). These measurements, executed at the University of Kentucky Accelerator Laboratory (UKAL), provide a detailed characterization of the low-lying excited states, including excitation energies, spins, parities, decay intensities, transition multipolarities, multipole mixing ratios, and level lifetimes. The nearly monoenergetic neutrons ( E ≈ 60 keV at 2 MeV neutron energy) were provided through the 3 H(p,n) 3 He reaction at the 7 MV Van de Graaff accelerator of the UKAL. The scattering sample consisted of 19.98 g of 106 Pd metal powder, 98.53% enriched, in a cylindrical polyethylene container 1.8 cm in diameter and 3.5 cm in height. This sample was suspended at a distance of 5 cm from the end of a tritium gas cell used for neutron production. The γ rays from the (n,n γ ) reaction were detected with a high-purity germanium (HPGe) detector with a relative efficiency of 55% and an energy resolution of 2.1 keV full width at half maximum (FWHM) at 1332 keV. For the γ -ray singles measurements [12] , an annular bismuth germanate (BGO) detector served for Compton suppression and as an active shield. The HPGe detector was 115 cm from the scattering sample. Both detectors were shielded by boron-loaded polyethylene, copper, and tungsten. Additional time-of-flight gating was employed to suppress background radiation and improve the peak-to-background ratio. The neutron flux was monitored with a BF 3 long counter at 90
• relative to the beam line and 3.78 m from the gas cell as well as by observing the time-of-flight spectrum of neutrons in a fast liquid scintillator (NE218) at an angle of 43
• with respect to the beam axis and 5.9 m from the gas cell. Spectra from calibration γ -ray sources such as 24 Na, 60 Co, and 137 Cs acquired concurrently with the in-beam spectra were used to monitor the energy calibration of the spectra. The detector efficiencies and their small energy nonlinearities were calibrated using 226 Ra and 152 Eu radioactive sources.
The γ -ray excitation functions for 106 Pd were measured at 90
• with respect to the incident neutrons over a range of neutron energies from 2.0 to 3.8 MeV in 0.1 MeV increments. The γ -ray thresholds and shapes of the excitation functions were used to identify new levels and to place transitions in the level scheme supporting the coincidence analysis discussed below. The excitation function yields, corrected for γ -ray detection efficiency and multiple scattering, were compared to statistical model calculations using the code CINDY [13, 14] , which predicts the change in the cross sections as a function of bombarding energy and spin. Along with the angulardistribution data, the excitation functions also contribute to the determination of spins.
Angular distribution measurements were performed at incident neutron energies of 2.2, 2.7, and 3.5 MeV, where the detector was placed at angles between 40
• and 150
• . The variation of the yield of a particular γ ray as a function of the angle θ was fit with a polynomial form related to the angle by the Legendre polynomial as
where the angular distribution coefficients a 2 and a 4 depend on the level spins, multipolarities, and mixing ratios of transitions from the level; P 2 (cos θ ) and P 4 (cos θ ) are the Legendre polynomials. Level spins and multipole mixing ratios, δ, were deduced by comparing the measured angular distributions with statistical model calculations. Branching ratios were also obtained from the angular distribution data. An example angular distribution and mixing ratio determination are shown in Fig. 1 . Level lifetimes were extracted from each of the three angular-distribution measurements using the Doppler-shift attenuation method (DSAM), as described in Refs. [15, 16] . Examples of lifetimes determined in the present measurements are shown in Fig. 2 . The spectral fitting was performed using the TV software package [17] .
The spectra from the γ -ray angular distributions were also summed at each of the three incident neutron energies to improve the counting statistics. These high-statistics spectra were used to confirm the presence of low-intensity γ rays. An example spectrum to demonstrate the quality of the data is displayed in Fig. 3 .
A γ -γ coincidence measurement [18] was carried out at a neutron energy of 3.3 MeV with four HPGe detectors placed ≈6 cm from the center of the sample in a co-planar arrangement. Events were recorded when at least two detectors registered coincident events within a 100 ns time window. The data were sorted offline into 4k × 4k prompt and randombackground matrices with 40 ns coincidence time gates. The random-background matrix was then subtracted from the prompt matrix, and the offline coincidence data analyses were performed using the RADWARE software package [19] . The γ -γ coincidence data were used to build the level scheme of 106 Pd, and also to determine the relative γ -ray intensities if complex multiplets appeared in the singles spectra. Examples of gated γ -γ coincidence spectra are shown in Fig. 4 .
III. RESULTS AND DISCUSSION
The results of the current work are presented in Tables I  and II. Table I includes only information obtained in the current measurements. Table II includes some information from other sources, as documented in the table notes, when the values could not be obtained from our (n,n γ ) data. Low-lying states in 106 Pd, arranged in a manner that permits assessment of its structure in terms of collective quadrupole excitations, are shown in Fig. 5 . The sources of the E2 transition probabilities shown are documented in the notes of Table II .
A. Level discussions
There are three levels in the Nuclear Data Sheets (NDS) compilation [20] + levels. The γ rays from the 1904 keV state were reassigned to the 1910 keV level, based on energies and angular distributions. From the 2472 keV level, the 472, 766, and 1960 keV γ rays were not observed. Finally, the only branch from the 2649 keV level, the 1087 keV γ ray, was also not observed. We, therefore, refute the existence of these three levels.
A comment concerning the order of the 4 state is also warranted. In Table I , we show that the 6 This ordering of the two states is reversed, however, when compared with the most recent NDS compilation [20] but is in agreement with the previous version [24] . Moreover, these placements are also in agreement with the data from 106m Ag decay by Tivin et al. [25] , who originally concluded the existence of the two levels. Few other measurements populate both the 4 Four other levels are present in our level scheme as well as the current NDS compilation [20] for which we obtained contradictory information. First, for the 2500 keV level, the lifetime obtained from the 1988 keV γ ray is quite different than that obtained using the other branches. Yet, the coincidence data show a small peak at 1988 keV when gating on the 477 keV γ ray from the 2977 keV level. We, therefore, suggest that the 1988 keV γ ray is a doublet from two close-lying levels. Second, the spin of the 2579 keV level is given as (5 − ), but we find a branch to the first 3 + state, negating this possible spin assignment as we do not expect to observe M2 transitions in our measurements. Based on the angular distributions of the γ rays, we conclude that the spin is 4, but we cannot assign a parity. Third, the 2741 keV state was assigned [20] as J π = 4 + , yet we observe the ground-state transition, limiting the spin and parity to 1,2 + . However, we do not observe the γ ray to the first excited state. Finally, the 3083 keV level is assigned a spin of 0, but we observed an anisotropic angular distribution for the 2572 keV γ ray as well as a new transition to the first 3 + state and assign a spin of 3.
B. Comparison of B(E2)s with model predictions
The reduced transition probabilities obtained in the current work are presented in Table II . Svensson et al. [8, 11] studied the low-spin structure of the heavy stable palladium isotopes by multistep Coulomb excitation, showing that vibrational degrees of freedom may be important for the description of the low-lying level structure of 106 Pd. However, serious discrepancies were found in the decay properties; most of the single-phonon transitions are smaller than predicted for a pure harmonic quadrupole vibrator. In many cases, the B(E2)s are too small by a factor of two or more. This discrepancy is notably true for the 0 The lack of E2 strength is already evident for the purported two-phonon triplet. The B(E2) for each decay as predicted by the harmonic vibrator model should be 88 W.u., yet the experimentally determined values are considerably smaller. Two of the three B(E2)s are a factor of two smaller than the vibrational prediction. Effective field theory (EFT) calculations by Pérez and Papenbrock [26] also take into account possible anharmonicities and provide theoretical uncertainties for the labeled two-phonon decays in 106 Pd. While their calculated B(E2) values agree with the experimental ones within error, the theoretical uncertainties are rather large, about 30%. Nonetheless, they suggest that 106 Pd can be viewed as an anharmonic quadrupole vibrator at the two-phonon level.
Proceeding to the potential three-phonon states, the deficiency of E2 strength is even more pronounced. If, however, it is assumed that the strength is fragmented over multiple states of the same spin and parity, it is useful to sum the E2 strength into the candidate two-phonon states to evaluate this possibility. The summed E2 strengths from all 2 + , 3 + , and 034328-4 [20] .) Levels and γ rays observed for the first time in this work are in bold. In cases where the γ ray was observed, but was contaminated by background or γ rays from other Pd isotopes and was weak in the coincidence spectra, the γ -ray energies are given without uncertainties and were calculated from level-energy differences and γ -ray intensities are given as upper limits or not at all. The results presented here raise the question "What is the nature of collective quadrupole behavior in 106 Pd and, more generally, how can we describe the nuclear structure in this mass region?"
To further explore the possible collective structure of 106 Pd, we considered the other limiting cases of the Bohr model in addition to the harmonic quadrupole vibrator. The summed E2 strength patterns compared to the (Wilets-Jean) gamma-soft rotor and rigid axially asymmetric rotor limits of the Bohr model are shown in Table III , respectively. We also show the summed E2 strength compared to a proton-neutron interacting boson model (IBM2) calculation. The IBM2 calculations were carried out with parameters very close to those used by Kim et al. [27] .
Other IBM calculations are available, but contribute less data for a detailed comparison. For example, calculations by Böyükata et al. [28] provide potential-energy surfaces indicating that the structure of 106 Pd may be more spherical in nature, but offer few B(E2) values for 106 Pd specifically; no discussion of the nature of this individual nucleus is given. Prior calculations by Van Isacker et al. [29] , however, provide additional B(E2) values on which the authors base the conclusion that the 0 + 2 state is not a member of an intruder band. Our interpretation of this state in particular is discussed in Sec. III C.
The comparisons of the experimental summed B(E2) values with the various models shown in Table III suggest that the collective character lies closest to an axially asymmetric rotor, with possibly some gamma softness. This conclusion is implicit in the IBM2 calculations as revealed in the closeness of the IBM2 calculated B(E2) values to the Wilets-Jean values. It is well known that, for large boson numbers, the IBM SO(6) limiting case can closely resemble the Wilets-Jean limit of the Bohr model.
In addition to the B(E2) values discussed above, B(M1) values in
106 Pd have been discussed using IBM2 calculations by Kim et al. [27] and by Giannatiempo et al. [30] . Indeed, the issue of M1 strengths was a major component of the paper by Kim et al., and it was the focus of the paper by Giannatiempo et al. We note that the two sets of calculations used very different parameter sets but obtained very similar results for the strongest M1 (as well as E2) transitions. We are unable to offer an explanation for this result beyond the observation that both sets of calculations involve a large number of parameters and there are probably multiple local fitting minima in this parameter space. However, we are able to deduce B(M1) values that critically impact these two sets of calculations. clearer with the identification of additional band members and crossover transitions, and the pattern of interband E0 strength [10] indicates shape coexistence between the lowest K = 0 bands. Additional K = 0, 2, and 4 bands are suggested in Fig. 6 . Not shown in this figure are 0 + states at 1706, 2278, and 2624 keV, which are likely band heads. Only in the case of the 1706 keV 0 + state has a tentative 2 + member of the band been identified at 1910 keV [10] . Of the positive-parity states below 2.4 MeV, only the 4 + state at 2078 keV could not be placed in a band. This state may be a hexadecapole excitation corresponding to those seen [33] in the heavier stable Pd nuclei near this excitation energy. It was likely obscured by the strong excitation of the nearby lowest negative-parity state, 3 − at 2084 keV, in inelastic proton and deuteron scattering measurements [33] .
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D. Negative-parity states
In addition to the previously mentioned 2084 keV 3 − state, the octupole phonon, several additional negative-parity states are observed above 2 MeV in excitation energy. In other nuclei in this mass region, the coupling between the quadrupole and octupole phonon states (2 
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IV. CONCLUSIONS
In summary, inelastic neutron scattering has been used to determine level lifetimes, spins, branching ratios, and multipole mixing ratios for transitions from all known positiveparity states in 106 Pd up to ≈2.4 MeV. The B(E2) values for transitions from these states have been determined and provide an unprecedented view of collectivity in this nucleus. To further test this view, it will be necessary to observe low-energy γ rays between high-lying levels, i.e., in-band rotational transitions. This is not possible with (n,n γ ) measurements because the low-energy γ rays are absorbed in the necessarily massive scattering samples, but β-decay studies are well suited [34] to this task and should be pursued.
